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Summary

An unstructured-grid Navier-Stokes solver was used to predict the surface
pressure distribution, the off-body flow field, the surface flow pattern, and inte-
grated lift and drag coefficients on the ROBIN configuration (a generic helicop-
ter) without a rotor at four angles of attack. The results are compared to those
predicted by two structured-grid Navier-Stokes solvers and to experimental sur-
face pressure distributions. The surface pressure distributions from the unstruc-
tured-grid Navier-Stokes solver are in good agreement with the results from the
structured-grid Navier-Stokes solvers. Agreement with the experimental pressure
coefficients is good over the forward portion of the body. However, agreement is
poor on the lower portion of the mid-section of the body. Comparison of the pre-
dicted surface flow patterns showed similar regions of separated flow. Predicted
lift and drag coefficients were in fair agreement with each other.

Introduction results on a generic helicopter configuration without
the rotor are found in references 2 and 3. The pre-
Estimation of the performance of a helicopter dicted results are in reasonable agreement with each

requires the accurate prediction of lift and drag on theOther and with the experimental results. The generic
airframe. Flow fields about helicopter configurations POdy used in the investigation did not have severely
generally include significant regions of separation, Plunted trailing edges so large separated regions were
often associated with the blunt shapes on the rear por?0t expected. Another comparison of Navier-Stokes
tion of the body. The flow field is further complicated predictions with experimental results from a model of

by the interaction of the free stream flow about the & Production helicopter without the rotor showed good
fuselage with the rotor wake. agreement between the predicted and experimental

pressure distributions at two angles of attack with zero
Early efforts to model the flow around a helicopter Sideslip; but poor agreement with nonzero sideslip.

body used potential flow methods because of limited (S€€ reference 4). In the HELIFUSE program, predic-
computer resources. Typically, a potential flow tlonS_ from seven Navier-Stokes coo_les were compared
method was coupled with a boundary layer method tolo wind tunnel test results from a hlgh—speed helicop-
determine the separation location. Vorticity shed at the!® model. (See reference 5). The predicted pressure
separation point was convected downstream in adlstrlbgtlons were in good agreement with each other
wake. The shape and location of the wake were Iore_a_md with the experimental results. However, predic-
defined or determined in the solution procedure. A tions of the drag were poor.

typical application of this technique is described in _ ) , .
reference 1. Problems in correctly determining the ~ Crid generation can be the most time consuming
separation location and the wake shape and locatioP@'t in the CFD process. (reference 5). Development

generally preclude the use of this type of method in Of structured grids for simple configurations is rela-
determining the loads on the airframe. tively straightforward. However, for practical configu-

rations, development of structured grids often requires
Advances in computing power have spurred the complex g_ridding technigues such as multi-block anq
development of higher order aerodynamic prediction OVerset grids (e.g. reference 6). Recent advances in
methods. Discrete forms of the thin-layer unstructured grid Qevelopment have_ simplified the
Navier-Stokes equations can now be readily solved onProcess of developing unstructured grids for complex
structured meshes of grid points. Navier-Stokes solv-configurations.  (See  references 7 and  8).
ers determine the effects of the viscous region near thlavier-Stokes solvers for unstructured grids are now
surface and the wake as part of the solution. Compari?€ing applied to complex configurations. An evalua-
sons of predicted pressure coefficient distributionstion of the predictive capability of an unstruc-
from a potential flow/boundary layer method and from tured-grid - Navier-Stokes  solver should include
several Navier-Stokes solvers with experimental



comparisons with experimental data and with struc-W

tured-grid Navier-Stokes solver results.

The purpose of this report is to compare the pre-X,Y,Z

dicted aerodynamic characteristics of a generic heli-
copter body from an unstructured-grid Navier-Stokes x
solver with the predicted aerodynamic characteristics
from two structured-grid Navier-Stokes solvers and y
with experimental results. Four test conditions without

the rotor were selected for this study. The test Machy*

number was 0.062, the Reynolds number based on
model length was 4.46 1P, and the angles of attack
were -10, -5°, 0°, and 5. 7

function for analytical definition of model
width. See ref. 9.

model axis coordinate system
streamwise distance, positive downstream, ft
lateral distance, positive out the right side, ft

nondimensional normal distance in the bound-
ary layer

vertical distance, positive up, ft

Symbols and Abbreviations

Zy function for analytical definition of model
camber. See ref. 9.

A reference area (for half modeB.14 ft? N
a angle of attack, positive nose up, deg
Co drag coefficient, D/gA
Configuration
C. lift coefficient, L/g,A
o A simple generic helicopter fuselage has been
Cp  pressure coefficient, (/0 defined for use in experimental and analytical studies

C, - Cg coefficients used in the analytical definition of

the model. See ref. 9.

CFL  Courant-Friedrichs and Lewy number

D drag (on half model), Ibf

H function for analytical definition of model
height. See ref. 9.

L lift (on half model), Ibf

N function for analytical definition of model.
See ref. 9.

p local static pressure, Ibffft

Peo free stream static pressure, I/t

Ooo free stream dynamic pressure, |IS¥/ft

R model reference length (one half of the body
length), 5.164 ft

Resid Ratio of the residual error to the initial resid-

ual error

of the interaction between the flow field about the
rotor and the body. The configuration, known as the
ROBIN for ROtor Body INteraction, consists of an
analytically defined body representing the fuselage
and an analytically defined pylon representing the fair-
ing around the engines and transmission. The analyti-
cal definition of the ROBIN configuration may be
found in reference 9. There were typographical errors
in the table of reference 9 that listed the coefficients
(Cy to &) used in the analytical definition of the
model. The corrected values of the coefficients used in
this study as well as in references 2 and 3 appear in
tables 1 and 2. The ROBIN configuration has been
used in several wind tunnel investigations in the Lan-
gley 14- by 22-Foot Subsonic Wind Tunnel. A photo-
graph of a ROBIN model installed in the wind tunnel
is presented in figure 1. For the test results used
herein, the model was mounted on a sting through a
hole in bottom of the mid-section of the body. Pres-
sure orifices were installed in rings around the body at
14 longitudinal stations. No pressure orifices were
installed on the pylon. The layout of the pressure ori-
fices is presented in figure 2.

The model was tested with and without the rotor
blades. Tests without the rotor blades had the rotor
shaft, hub, pitch links, and blade cuffs installed but not



rotating. With the rotor blades removed, test data wereof the grids are presented in figure 3. A sketch of the
obtained at 41 knots (Mach number of 0.062 and Rey-surface grid for the ROBIN alone is presented in fig-
nolds number, based on the model length, ofure 3(a) and a sketch of the surface grid for the

4.46x% 106) at angles of attack from -1@ 5. Addi- ROBIN with the model support sting is presented in
tional details concerning the test as well as tabulatedigure 3(b). The node spacing (and the cell size) was
test results are presented in reference 9. the smallest on the aft portion of the pylon since sepa-
rated flow was likely there (see detail in figure 3a).
Codes Cell size increases with increasing distance from the

model surface as shown in figure 3(c) by the triangles
in the plane of symmetry. All grid distances were non-

Version 5.1 of the USM3D code (reference 10) gimensionalized by the model reference length, R.
was used for the unstructured-grid calculations pre-

sented in this report. The code uses an upwind, tetra- _ _
hedral cell-centered finite volume scheme. _ BoOthgrids (without the model support system and

Convergence is accelerated by using the maximumWith the model support system) were generated for

time step permissible at each cell. The system of equa_calculations using the wall function. There were typi-

tions is closed by the one-equation, Spalart-AllmarasC@!ly 10 points in the boundary layer. The first point
turbulence model (reference 11). was 0.143¢ 103 R from the surface, for an average y

of about 12. The volume grids used the same outer
boundaries, from x=-8R to 8R, from y=-5R to O,
and from z =-5R to 5R. There were 810,752 cells in
the volume grid for the ROBIN alone and 1,157,574
cells in the volume grid for the ROBIN with the model
support system.

The code includes an option to use a wall function
with the turbulence model. This technique models the
inner region of the boundary layer with an analytical
function that is matched to the numerical solution
from the flow solver in the outer region of the bound-
ary layer. Use of the wall function reduces the number
of cells required to resolve the boundary layer and  All predictions using the USM3D code were run
improves the convergence of the solution by eliminat-at a Mach number of 0.150 since version 5.1 of
ing the highly stretched cells near the surface whichUSM3D is a compressible code and would not con-
add stiffness to the numerical solution process. verge at the wind tunnel test Mach number of 0.062.

However, the calculations were run at the same Rey-

Use of a wall function with the normal “no-s”p" nolds number (448 106) as the wind tunnel test data.
viscous boundary condition can lead to numerical sta-The effect of the increase in Mach number should not
bility problems on blunt, aft-facing surfaces with sepa- have much of an effect on the results from this simple
rated flow. A special boundary condition is available configuration. Turbulent flow was assumed over the
for these situations which sets all the velocity compo-Whole model surface. All USM3D results presented

nents to zero at the center of each cell touching theherein used the wall function. The CFL number was
surface. ramped up from 1 to 100 over the first 100 iterations

of the solution and then maintained at 100 thereafter.

Unstructured volume grids were developed using
the GridTool (reference 7) and VGRID (reference 8) A plot of a typical convergence history is pre-
codes. Only the left side of the ROBIN was modeled sented in figure 4 for the ROBIN alone configuration.
since the sideslip angle was. 0Ohe rotor shaft, hub, The solution becomes established in about 400 itera-
and pitch links were not modeled. tions as shown by the rapid decrease in the residual
error and the damping of the oscillations in the lift and
A grid refinement study, described in the appen- drag coefficients. Thereafter, the rate of convergence
dix, was conducted to select a grid with cell sizesis slower. The code was run until the fluctuations in
small enough to minimize cell size effects on the com-the force coefficients reached a small amplitude about
puted results. For the selected grid, the ROBIN surfacea constant level. The small level of fluctuations
was defined by 14,915 triangular faces. Two volume remaining are likely attributed to unsteady aspects in
grids were used in this study: the ROBIN alone andthe actual flow, possibly associated with small regions
the ROBIN with the model support system. Sketchesof separated flow. Typically, about 1500 cycles were
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required for a converged solution. For 1500 cycles onResults
a grid with 810,752 cells, the USM3D code required
144 Mwords of memory and about 6.9 hours of cpu

time on a Cray T-916 computer. The experimental data and all calculations pre-

sented herein were done at a Reynolds number, based
on the model length, of 4.4610°. The experimental

ata, the CFL3D calculations, and the INS3D calcula-
ions were obtained at a Mach number of 0.062. The

and the INS3D smglg—plock grid results published in USM3D calculations were obtained at a Mach number
reference 3. All predictions from CFL3D and INS3D . . . X
of 0.150. All model dimensions are nondimensional-

from those references were run at the Mach number
. . ized by a reference length equal to one half of the

and Reynolds number used in the wind tunnel experi- o .
model length. This distance was selected to be consis-
ment. Turbulent flow was assumed everywhere on the : )
- . tent with the results presented in references 2, 3, and 9

surface. Note that INS3D pressure coefficient predic- 7, . .

. ; . which used the rotor radius as the reference length. In
tions are available only at three body stations at angles S
of attack of 8 and -5 reference 9 (which |_ncluded rotor on and rotor off
' results), the rotor radius was one half the length of the

body. All force coefficients were obtained from a
model 10.328 ft in length using a reference area of

3.14 € to be consistent with references 2 and 3.

The structured-grid calculations presented herein
are the CFL3D results published in references 2 and

The same C-O volume grid was used for the
CFL3D and the INS3D calculations. The structured
grid had 145 points in the streamwise direction, 65
points in the radial direction, and 65 points in the nor- _ _
mal direction, for a total of 612,625 grid points. The Comparisons of the predicted surface pressure

surface grid had 129 points in the streamwise directionc0€fficients from USM3D with predicted pressure
and 65 points in the radial direction. coefficients from CFL3D (reference 2) and with

experimental results (reference 9) are presented in fig-

The CFL3D code solves a discrete form of the ure 5 atan angle of attack of 21@t each longitudinal
thin-layer Navier-Stokes equations using third-order, Station, a cross section of the model with the locations
upwind differencing for the spatial derivatives of the Of the pressure orifices is shown at the left and the

inviscid terms. Details of the code and its application Pressure coefficien_t distribution is shoyvn at the right.
may be found in reference 12. For results from refer- EXCept for one station on the rear portion of the pylon
ences 2 and 3 used in this report, the Baldwin-Lomax(*/R=1.00), the predicted pressure coefficients from
turbulence model (reference 13) was used. Aboutthe unstructured-grid code, USM3D, are in very good
3000 cycles, 20 hours of cpu time, and 36 Mwords of@greement with those predicted from the struc-
memory on a Cray-2 were required to obtain a con-tured-grid code, CFL3D. The difference in the pre-

verged solution for the above C-O structured grid. ~ dicted pressures on the rear part of the pylon is in a
region where there is a large longitudinal pressure gra-

The INS3D code solves a discrete form of the dient and separated flow is expected. The predicted
incompressible Navier-Stokes equations using ansSurface pressure coefﬁcie_nts from USMB3D are in good
upwind differencing scheme (reference 14). For the @greement v_wth the experimental results except on the
results from reference 3 used in this report, the Bald-{oP Of the tail boom (x/R 1.16) and on the bottom of
win-Barth turbulence model (reference 15) was usedth® Pbody just downstream of the sting penetration
to close the system of equations. Results were pub{/R =1.00). The flow over the top of the tail boom is
lished at only two angles of attack:°-&nd 5. The I|ke_Iy influenced by the turbulent, separated-flow
code is capable of using overset, multi-block grids. '€gion downstream of the pylon and the rotor hub. The
Only the single-block grid results from reference 3 are flow along the bottom of the body is likely influenced
used for the comparisons reported herein. About 100PY the model support system (see figure 1).
cycles, 4.3 hours of cpu time, and 24 Mwords of mem-
ory on a Cray-2 were required to obtain a converged = Comparisons of the predicted surface pressure
solution for the single-block grid. coefficients from USM3D with predicted pressure

coefficients from CFL3D (and from INS3D, when
available) and with experimental results are presented
in figures 6, 7, and 8 at angles of attack &f &, and



5°, respectively. In general, the results are similar to A comparison of the integrated force coefficients
those found at an angle of attack of =1The pre- from the Navier-Stokes solvers is presented in figure
dicted pressures are in good agreement with each othet3. Included are predictions from CFL3D at angles of
everywhere except the rear portion of the pylon. Theattack of -8 and O that were not reported in reference
surface pressure coefficients from USM3D generally 3. No experimental integrated force coefficient results
are in reasonable agreement with the experimentalwere published in reference 9. In that test, the model
results. There are two exceptions. At an angle of attackength was 10.328 units and the reference length was
of 5°, the predictions differ on the upper surface of the 5.164 units. Results from the single block grid CFL3D
tail, just downstream of the pylon for x#R1.16 (parts  and INS3D calculations reported in references 2 and 3
| through n of figure 8). This region is probably influ- used a reference area of 3.14 square units, a model
enced by the separated flow from the rotor hub andlength of 10.328 units, and a reference length of 5.164
rear portion of the pylon. Also, the experimental pres- units. The USM3D calculations presented herein have
sure coefficients become increasingly more negativebeen adjusted to be consistent with these values. The
than the predictions on the side and bottom of the bodypredicted lift coefficients are in fair agreement with
(parts j through n of figures 7 and 8) as the angle ofeach other. This was not expected since the lift coeffi-
attack increases. The difference is especially notablecient is primarily dependent on the pressure coeffi-
on the lower portion of the body at stations x/R=1.00 cients and the predicted pressure coefficients were in
and x/R=1.16 (parts k and | of figures 5 through 8). good agreement except for a small area on the pylon.
The Navier-Stokes codes failed to predict this effect, The predicted drag coefficients are also in fair agree-
which is possibly attributable to the proximity of the ment. Since the predicted drag is primarily due to vis-
model support system. cous effects, the differences may be attributable to the
different turbulence models and methods used to
Comparisons of the predicted surface flow pat- determine the skin friction coefficient.
terns and off-body normalized total pressure distribu-
tions are presented in figures 9 to 12. USM3D
predictions are presented in the “a” portion, CFL3D
predictions (reference 2) are presented in the “b” por
tion, and, when available, the INS3D predictions (ref-
erence 3) are presented in the “c” portion of each

zggcarzli:]\l?h:);siign’tfr?;aell ?j;? rgl;ltjrllls rgpc?rt\évgrii rrg?:r'_of the predicted pressure coefficient distributions with
P and without the sting is presented in figure 14. The

Sgﬁzr:té ?;]fgesfr}fo\?vomiﬁiZgzgia%?;swsegethlésrgda:gaddit?qn of Fhe sting leads to a more nggative pressure
minor differences in the presentation coefficient just downstream of the sting penetration
' (xR =0.88 and x/R=1.00). This is similar to the
trends in the experimental data at stations x/R =1.00
and x/R = 1.16. Simulation of the sting had little influ-
ence on stations on the tailboom (%R.16). Other
factors are causing the discrepancy on the lower por-

tion of the tailboom.

Prediction of the pressure coefficients on the
lower portion of the body near the sting penetration
“did not match the experimental data. (See figure 8(k)).
Additional USM3D calculations were made with the
sting simulated as shown in figure 3(b). A comparison

The surface flow patterns from all three methods
indicate a separated flow region on the aft facing por-
tion of the pylon. At the negative angles of attack,
there are converging surface flow lines on the lower
corner of the body suggesting flow separation. At zero
and the positive angle of attack, there are converging
surface flow patterns on the upper corner of the body.  Predicted contours of constant static pressure
The total pressure profiles show losses above the reagoefficient and of streamlines on the lower portion of
portion of the tail, downstream of the pylon. At the the ROBIN body without and with the sting are pre-
negative angles, total pressure losses appear near tigented in figures 15(a) and 15(b). Static pressure coef-
lower corner of the body whereas at zero and the posificient contours for the model without the sting show
tive angle of attack, total pressure losses appear nedhree lines of constant pressure on the side of the body
both the upper and lower corners of the body. with small disturbances near the lower corner of the

body. With the sting, the three corresponding contours
on the side of the body are similar to those without the
sting. In addition, there are contours of positive pres-



sure coefficient on the bottom of the body just aheadexcept on the lower portion of the body, downstream

of the vertical portion of the sting and above the fair- of the sting penetration.

ing covering the model umbilical lines and there are

contours of increased negative pressure coefficient on 3. All three Navier-Stokes codes predicted a

the side and bottom of the body near the sting penetraregion of separation on the aft facing portion of the

tion. The streamline pattern on the plane of symmetrypylon. Simulated surface flow patterns and nondimen-
and on the body away from the location of the sting is sionalized total pressure distributions showed similar
similar without and with the sting. The effect of the characteristics.

sting appears to be confined to the regions on the bot-

tom and side of the model close to the sting penetra- 4. Agreement among the different Navier-Stokes

tion and the start of the umbilical fairing. The prediction methods for the lift and drag coefficients

differences between the predictions and the experi-was only fair.

mental results on the lower portion of the body and

tailboom are probably not attributable to the presence 5. Unstructured grid Navier-Stokes predictions

of the sting. indicate that the influence of the model support system

on the pressures on the lower portion of the tail are
In general, the unstructured-grid Navier-Stokes restricted to areas in which the model support system
predictions of the surface pressure distributions, sur-is in close proximity to the tail.

face flow patterns, and off-body total-pressure distri-

butions were similar to the_ structured-grid p_reqli_ctions. References
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14. Rogers, S. E.; and Kwak, D.: An Upwind Differencing the surface of the intermediate grid.

Scheme for the Incompressible Navier-Stokes Equa-
tions. Applied Numerical Mathematic¥ol. 8, 1991. The predicted pressure coefficient distributions
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on these observations, the intermediate grid was used
for the calculations in the main part of this paper.



Tables

Table 1 - Parameters for Analytical Definition of the Body

Function x/R C, C, Cs Cy Cs (OF C,; Cg
H 0.0to0.4 1.0 -1.0 -4 4 1.8 0 .25 1.8
w 1.0 -1.0 -4 4 2.0 0 .25 2.0
Zy 1.0 -1.0 -4 4 1.8 -.08 .08 1.8
N 2.0 3.0 0 A4 1.0 0 1.00 1.0
H 0.4t00.8 .25 0 0 0 0 0 0 0
w .25 0 0 0 0 0 0 0
Zy 0 0 0 0 0 0 0 0
N 5.0 0 0 0 0 0 0 0
H 0.8t01.9 1.0 -1.0 -.8 11 15 .05 2 .6
W 1.0 -1.0 -.8 1.1 1.5 .05 2 .6
Zy 1.0 -1.0 -.8 1.1 15 .04 -.04 .6
N 5.0 -3.0 -.8 11 1.0 0 0 0
H 1.9t02.0 1.0 -1.0 -1.9 A 2.0 0 .05 2.0
w 1.0 -1.0 -1.9 A 2.0 0 .05 2.0
Zy .04 0 0 0 0 0 0 0
N 2.0 0 0 0 0 0 0 0

Table 2-Parameters for Analytical Definition of the Pylon

Function x/R Cq C, Cs Cy Cs Cg C, Cg
H 0.4t00.8 1.0 -1.0 -.8 4 3.0 0 .145 3.0
w 1.0 -1.0 -.8 4 3.0 0 .166 3.0
Zy .125 0 0 0 0 0 0 0
N 5.0 0 0 0 0 0 0 0
H 0.8t01.018 1.0 -1.0 -.8 .218 2.0 0 .145 2.0
w 1.0 -1.0 -.8 .218 2.0 0 .166 2.0
Zy 1.0 -1.0 -8 1.1 1.5 .065 .06 .6
N 5.0 0 0 0 0 0 0 0
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(c) Volume grid on plane of symmetry.

Figure 3. Concluded.
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Figure 5. Comparison of measured and calculajpdisiributions at constant longitudinal stations on the ROBIN~10°.
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(b) CFL3D (ref. 2).

Figure 9. Predicted surface flow patterns and nondimensionalized total pressure distributioh8?.

31



(2) USM3D.

(b) CFL3D (ref. 2).

(c) INS3D (ref. 3).

Figure 10. Predicted surface flow patterns and nondimensionalized total pressure distribputioss.
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(a) USM3D.

(b) CFL3D (ref. 2).

Figure 11. Predicted surface flow patterns and nondimensionalized total pressure distribbatiohs.
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(a) USM3D.

(c) INS3D (ref. 3).

Figure 12. Predicted surface flow patterns and nondimensionalized total pressure distributibhs.
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(a) Contours of constant static pressure coefficient.

Figure 15. Predicted surface flow characteristics from USM3D on the ROBIN configuration with and without the simulated
model supporta = 5°.
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(b) Streamlines.

Figure 15. Concluded.
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Figure Al. Sketches of grids used in the grid refinement study.

39



Coarse grid
656,921 cells

Intermediate grid
810,752 cells

il

i
%)

VAYAYAVy 4
L AVAVA%’
il

X

17

%AVAVAVAVAVAV

5

vy Y,
Ya)

(%
o
2,

VAVAYAS

AN
oA

)
v
g
a'
Jargy

K 2
s

AYAYAVAY

AVAY

TAY
\VAVA
T

AV
AVAY YAYA

N

4Vavy
Davary
%]

o

T
<
5

S
S

e
FANAVASE S

%
v
K KN

B
BRI
K]

VAVLY.

ERERR

AVAVAV LS vioss

ava
AV

viv
Vavivay

%

7
VATATuTAYsroA P U] 4
CRRRERER ke

SRR in

5
PRRERERERE, g
ERPAT O]

PATANAVAVAS

20

Ak
VaVAVAVAVAY
Avivs
R

5
R
T

2

%)
\
v
Ava
i
v

Vay
he

a
o
o
=
RO
o

25
A

s
0

Vst

A
%)
4
0
s
&
&
e

[

5
KK
s

vy

,
o0

2

o
o
o0

2o
2
S

2

ey
va%s
vats

vasy

&
vl
2500

o

20
v,
be0
o

5
e
OO

VAN
Yavy
Vs
e

e
&
v

vy

i N

oY
5

7ay
X

TV
&
5

5
3
o

,bA
o
o
S
T
A
e
FRp
YAV
s
B

Fine grid
1,906,093 cells

(b) Grid on rear portion of pylon.
Figure Al. Concluded.

40



144

.20 — — Grid size (Kcells) .20 — —
C C — 657 C C
15 e 811 15 —
C C _ 1906 C C
10 - 10 -
05 |- -~ 05 | -
zIR E E zIR E E
0 — 0 — 7
B B B B 1
r r r r !
- - - - \
- - a - -
‘05 __ __ ‘05 __ _— 1
10 F - -10 -
‘.15-IIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIIIIIIIII ‘.15-IIII|IIIIIIIIII -IIIIIIIIIIIIIIIIIIIIIIIII
0 -05 -10 -15-50 -.25 0 .25 .50 .75 0 -05 -10 -15-75 -50 -25 0 .25 .50
y/R Cp y/R Cp
(a) /R =0.05 (b) x/R =0.09
20 — — 20 — —
15 - - 15 - -
10 - 10 -
05 - 05 |- -
zIR E E zIR E E
0 - 0 -
-05 |- - -05 |- -
-10 - -10 -
‘.15-IIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIIIIIIIII ‘.15-IIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIIIIIIIII
0 -05 -10 -15-75 -50 -25 0 .25 .50 0 -05 -10 -15-75 -50 -25 0 .25 .50
y/R Cp y/R Cp
(c)x/R=0.14 (d) xR =0.20

Figure A2. Comparison of calculated distributions at constant longitudinal stations on the ROBIN for three grid<’.
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Figure A2. Concluded.
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Figure A3. Effect of grid size on the force coefficients: 5°.
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Coarse grid
Intermediate grid

Figure A4. Comparison of local flow direction near the surface for the three grids. (Dashed line is estimated edge of separated

flow region.)
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Fine grid

Figure A4. Concluded.
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